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ABSTRACT 
There is a documented backlog of sexual assault samples in the United States.  Of 
the many efforts made to reduce this backlog, efficient sample testing is among the most 
sought-after solutions.  The Cotton lab at Boston University has developed a temperature 
controlled direct-lysis differential extraction protocol that has demonstrated efficient 
separation of spermatozoic and epithelial cell (e-cell) deoxyribonucleic acid (DNA) from 
fresh liquid samples.  Here, efforts to adapt the protocol for use with dried and aged 
samples were examined.   
Varying ratios of epithelial cell to sperm cells from a semen stock were pipetted 
onto substrates and allowed to age at room temperature for various lengths of time, 
ranging from 0 to 20 weeks.  Modifications were then made to the Cotton lab’s protocol 
in an effort to optimize DNA yield without compromising the quality of resultant 
profiles.  These modifications focused on the traditional use of spin-baskets and 
performing lysis on the substrate itself, as opposed to the flow through of traditional spin-
basket differential extraction.   
It was determined that ~95% of the spermatozoic DNA was retained by the 
substrate.  Therefore, efforts were made to adapt the differential extraction protocol to be 
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used directly on a substrate without the use of a spin-basket.  It was determined that 
incubation of the substrate for one hour in water at room temperature prior to enzymatic 
extraction was beneficial to the percentage of sample recovery.   
The modified Cotton lab temperature controlled differential extraction (TCDE) 
protocol was used to extract the epithelial cell and spermatozoic DNA from mixed-
sample substrates after aging.  Quantitative polymerase chain reaction (qPCR) was 
performed and the percent DNA recovery was determined.  Epithelial cell DNA recovery 
declined from approximately 85% to 50% as aging progressed.  However, spermatozoic 
DNA recovery remained stable at approximately 80% on average.   
The resulting DNA profiles indicated that efficient separation of e-cells and sperm 
cells was achieved even after 20 weeks of aging.  In instances where carry-over was 
detected, the carry-over signal was minimal, reaching a maximum of approximately 10% 
of the major contributor.  Profiles were also analyzed to determine the degree of 
degradation of epithelial cell DNA and spermatozoic DNA over time.  While some 
degree of degradation was observed after 20 weeks of aging, the probative quality of the 
profiles was preserved.   
A representative group of aged samples was successfully extracted using a 
modified Cotton lab TCDE protocol.  Profiles generated from these samples yielded 
single-source profiles or mixed profiles with a readily distinguishable major contributor.  
The results from the adapted protocol are encouraging for future use in the analysis of 
sexual assault evidence and the reduction of the sexual assault DNA backlog.   
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1.  INTRODUCTION 
1.1 Deoxyribonucleic Acid  
Deoxyribonucleic acid (DNA) is a large, negatively charged molecule that is 
responsible for regulating functions of the cell and transmitting genetic information from 
one generation to the next (1).  A molecule of DNA, or nucleotide, is composed of a 
sugar-phosphate backbone with a nitrogenous base (adenine, cytosine, guanine, or 
thymine) attached at the sugar molecule (2).  The specific sequence of these bases 
encodes information for protein synthesis (3).  DNA found in the nucleus is known as 
nuclear DNA. 
In its native conformation, DNA is a double-stranded, helical molecule with 
hydrogen-bonds formed between complementary bases (2).  In somatic cells, nuclear 
DNA is condensed in size by interacting with positively charged histones, forming 
nucleosomes.  A nucleosome core is composed of approximately 146 base-pairs of DNA 
wrapped around a histone octamer, composed of two molecules of each histone: H2A, 
H2B, H3, and H4 (4,5).  Between each nucleosome core is linker DNA and one molecule 
of histone H1 (5).  Nucleosomes are further packaged to form a chromosome – the 
molecule of genetic inheritance.  A complete genome is made up of 23 pairs of 
chromosomes, with one of each pair inherited from each parent.  Each somatic cell 
contains 23 pairs of chromosomes while gametic cells, considered to be haploid, contain 
only one copy of each chromosome (6).   
In sperm cells, only a small percentage of the genome is packaged with histones 
(7,8).  The remaining portion of the genome is packaged by protamines, which are small, 
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arginine-rich proteins synthesized in late-stage spermatids (7).  In human sperm cells, the 
primary protamines responsible for condensing the genome are sperm protamine 1 (P1) 
and sperm protamine 2 (P2).  Both protamines bind to their respective segment of DNA 
which neutralizes the negative charge of the DNA backbone, allowing adjacent molecules 
to pack closer together and decrease the total volume (7).  The protamines are finally 
locked in place during epididymal transit by the formation of disulfide bonds between 
adjacent protamines (7).  This alteration in genomic packaging leads to complications 
with standard DNA extraction techniques.   
 
1.2 Forensic DNA Analysis 
 The goal of forensic DNA analysis is to identify a unique DNA profile and 
compare known profiles with unknown profiles recovered from crime scenes (6).  DNA 
in the genome responsible for cell function is considered “coding DNA” and is highly 
conserved between all individuals (6).  Forensic DNA analysis utilizes regions of DNA 
where variations, or polymorphisms, exist.  Specifically, microsatellite polymorphisms 
are detected and create a unique DNA profile for each individual (9).  Current analysis 
considers a difference in the number of repeated sequences within a microsatellite region 
as opposed to the variance in base composition (10).  These repeated sequences are 
composed of tetranucleotide or pentanucleotide repeats, referred to as short-tandem 
repeats (STRs) (6,11).  STR analysis is preferred because of the high number of 
variations at microsatellite loci.  This variance allows for many genotype possibilities 
which leads to an increased power of discrimination (12).  
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1.2.1 Forensic Analysis of Biological Fluids 
 Biological fluids are routinely collected from the scene, victim, or suspected 
perpetrator.  Collected samples can include blood, semen, or saliva stains, as well as 
vaginal swabs collected after a suspected sexual assault.  Additional samples can be 
collected from known sources or individuals including buccal swabs or blood samples 
(9,13).  Biological fluid specimens may be collected directly from individuals for use as 
reference DNA profiles.  Latent stains, or stains not visible to the naked eye, can be 
detected with the use of an alternate light source (ALS) and collected for analysis (13).  
Depending on the item of evidence in question, swabs, cuttings, or entire articles of 
clothing may be collected for testing (14).  Dried biological samples are generally 
collected utilizing the double-swab technique, which involves an initial swabbing with a 
moistened swab, followed by a secondary dry swab (15).  Once collected, the biological 
fluid is presumptively identified through chemical-based presumptive tests and lateral 
flow immunochromatographic tests (16–18).  After presumptive identification, the 
sample is analyzed for the presence of DNA.    
 
1.3 DNA Extraction 
 Traditionally, DNA must be released from the cell and separated from all other 
cellular material before a profile can be generated.  This separation also removes 
inhibitors that may interfere with polymerase chain reaction (PCR) amplification (17,18) 
and nucleases that may digest nucleic acid.  DNA is released from the cell through 
physical cell lysis (boiling) or through chemical cell lysis with the use of a lysis buffer.  
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Lysis buffers generally include an ionic detergent, such as sodium dodecyl sulfate (SDS), 
to lyse cell membranes and bind proteins to disrupt their secondary structures; as well as 
a protease, such as Proteinase K (PK), to degrade proteins.  For samples collected from 
an alleged sexual assault, a reducing agent, such as dithiothreitol (DTT), is added to 
disrupt the protein disulfide bonds found in sperm cells (21).  The use of traditional lysis 
buffers yields a sample that requires extra purification, as the components of the lysis 
buffer themselves cause inhibition (19).   
 
1.3.1 Dried Sample Extraction 
 Most samples submitted for DNA analysis are dried on a substrate, often a swab 
or fabric, which typically retain over 50% of available DNA (22).  The method of transfer 
and substrate type have been shown to affect the amount of DNA that can be recovered 
(23).  While research has focused on optimizing recovery by altering the substrate type 
(24), incubation times, and resuspension of substrate, the total recovery of dried samples 
continues to be lower than respective liquid samples (22).   
 
1.3.2 Aged Sample Extraction 
 Samples extracted in forensic labs have often aged for some time.  Blood, saliva, 
and semen stains stored in a dry environment have produced full profiles after aging for 
approximately 70 weeks.  However, after only 10 weeks of storage in a moist 
environment, profile quality began to decrease (24).  Bloodstains stored in a cold 
environment have produced full profiles after aging up to 20 years (25).  While sperm 
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cells in semen stains have been found to retain their morphological integrity up to 12 
months when stored at room temperature, the DNA profiles generated from these samples 
showed high levels of degradation (27,28). 
 
1.3.3 DNA Extraction Methods 
 Extraction methods utilized in forensic DNA analysis include organic phenol-
chloroform extraction (29), Chelex® extraction (30,31), and silica-based extraction 
(31,32).  The specific method selected for analysis varies from sample to sample. The 
selected method is dependent on the sample type and the prioritization of sample purity 
verses total recovery.  Once the DNA is released from the cell, the DNA is purified 
according to the employed extraction method. 
 
1.3.3.1 Organic Phenol-Chloroform Extraction 
 In this extraction method, a phenol-chloroform mixture is added to the sample and 
separates proteins from DNA.  After centrifugation, an aqueous layer and organic layer 
are formed.  DNA, soluble in the aqueous layer, can then be transferred for analysis (6).  
Organic extraction was the first extraction technique utilized for forensic applications and 
was the method most frequently used for restriction fragment length polymorphism 
(RFLP) analysis, but was found to have limitations with PCR amplification (9,29).   
 
6 
1.3.3.2 Chelex® Extraction 
 Extraction utilizing a chelating agent such as Chelex is quicker than organic 
extraction and requires fewer steps, thereby lowering the risk of contamination (30).  In 
short, magnesium ions required for nuclease activity are drawn to resin, effectively 
inactivating the nucleases.  In this technique, all components remain in one tube, 
therefore PCR inhibitors may still be present and cause complications with downstream 
analysis (31).  This method strikes a balance between high recovery and successful 
amplification (29).   
  
1.3.3.3 Silica-Binding Extraction  
 High-purity DNA is produced by utilizing a silica-binding extraction method.  In 
this method, DNA is bound to a silica membrane while cellular material and nucleases 
are washed away prior to DNA elution.  While PCR inhibitors are removed from the 
sample, improving subsequent PCR amplification, total DNA recovery is lower due to a 
portion of the DNA failing to bind to or elute from the silica membrane (31–33).  As a 
result, this method is not ideal for low quantity samples (31). 
 
1.4 Differential Extraction 
 Evidence submitted from alleged sexual assaults often includes a mixture of 
sperm cells from the assailant and epithelial cells (e-cells) from the victim.  Differential 
extraction is the extraction method employed to separate sperm cells from somatic cells.  
This process, known as the Gill method, was identified in 1985 in tandem with the first 
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application of forensic DNA analysis and has remained largely unchanged.  In the Gill 
method, e-cells are preferentially lysed with an SDS/PK lysis buffer while sperm cells 
remain intact due to the presence of disulfide bonds (9).   
The goal of differential extraction is to create two fractions in which the epithelial 
DNA is separated from spermatozoic DNA, leading to single-source profiles.  In some 
cases when the e-cell and sperm cell separation is incomplete, mixed profiles are 
observed which are more difficult to interpret than single-source samples (6).  The 
generation of two distinct profiles reduces the complexity of analysis and increases the 
statistical significance of the result (34).   
 
1.4.1 Alternate Differential Extraction Methods 
The Gill method is time consuming due to the multiple incubation and wash steps 
included to remove residual e-cells from the sperm fraction and can result in mixed 
profiles.  With over 100,000 incidences of sexual assault reported annually (35), an ever-
growing backlog (36), and lack of personnel (37,38), the need for faster and more 
efficient differential extraction procedures has never been greater. 
 
1.4.1.1 Acoustic Differential Extraction 
 Acoustic differential extraction is based on the forces acting on an object entering 
an acoustic standing wave (39).  This method implements a microfluidic acoustic device 
and utilizes the size difference between sperm cells and free DNA to retain sperm cells 
while allowing free DNA to flow through the microfluidic environment (39,40).  The use 
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of this method successfully separated sperm cells from epithelial cells in samples as 
dilute as 10 sperm cells/µL (40).   
 
1.4.1.2 Laser Capture Microdissection 
 Laser capture microdissection (LCM) employs either an ultraviolet (UV) cutting 
system or an infrared (IR) capture system to separate sperm cells from cell mixtures (41).  
The cells are first fixed to a slide and stained before being sorted by the system.  Profiles 
generated using LCM were either single-source or the captured cell population was the 
major contributor (42).  This method is labor intensive, expensive for labs lacking the 
necessary equipment, and often results in mixed or degraded DNA profiles (42,43).  Even 
with these technical concerns, this method could be useful for sexual assault evidence 
without a major male contributor.   
 
1.4.1.3 Antibody-Based Capture 
 Antibody-based capture refers to the use of immunomagnetic beads (IMBs) 
coupled with antibodies.  For use in differential extractions, antibodies target various 
proteins found in sperm cells.  Some of these antibodies include the testicular isoform of 
the angiotensin-converting enzyme (tACE) (44), motile sperm domain-containing protein 
3 (MOSPD3) (45), sperm protein-10 (SP-10) (46), disintegrin and metalloproteinase 
domain-containing protein 1 (ADAM1) and disintegrin and metalloproteinase domain-
containing protein 2 (ADAM2) (47), and a glycosylphosphatidylinositol-anchored 
hyaluronidase located on the sperm head (PH-20) also known as sperm adhesion 
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molecule 1 (SPAM1) (48).  The antibodies, IMB, and sperm proteins form a complex that 
is adhered to a magnet that is then washed several times (44).  Research has shown that 
samples containing less than 10 sperm cells result in mixed profiles with major female 
and minor male contributors or profiles showing no male contributor at all (44).  
Treatment with DNase to lyse remaining female DNA helped to mitigate this issue (48).  
Additionally, antibodies targeting antigens in the flagellum or mid-piece of the sperm can 
only be used if the sperm is intact, rendering this technique ineffective for aged sample 
analysis (45). 
 
1.4.1.4 Nuclease Assisted Differential Extraction 
 The majority of alternative differential extraction methods rely on the physical 
separation of sperm cells from e-cells or free DNA (49).  Recently, the implementation of 
a nuclease to degrade free female DNA in a sample has been examined.  It is imperative 
that the nuclease reliably degrades residual DNA from the victim, while leaving sperm 
cells intact (50).  DNase I has been utilized as the nuclease in these processes.  E-cell 
cells are lysed with a modified lysis buffer and then DNase I is activated by magnesium 
and calcium to degrade free DNA.  Ethylenediaminetetraacetic acid (EDTA) is added to 
deactivate DNase I and then the sperm cells are lysed with DTT (49).  This process cuts 
down on wet bench time, centrifugations, and wash steps, but requires additional pre-




1.4.1.5 Automated Procedures 
 Recently, a focus has been placed on automating differential extraction.  
Automation allows an analyst to spend less time doing bench work which increases focus 
and time elsewhere.  Several researchers have successfully implemented automation 
(28,51), but these techniques require new equipment and training, and do not necessarily 
improve sperm recovery. 
 
1.5 Novel Temperature Controlled Differential Extraction 
 The Cotton lab has developed and optimized a temperature controlled differential 
extraction (TCDE) that reduces extraction time, while simultaneously producing PCR-
ready samples that generally do not require additional DNA purification (52,53).  This 
method exploits the varied optimal activity temperatures for three enzymes: Erebus 
Antarctica 1 protease (EA1), Benzonase nuclease, and enzyme cocktail, AcroSolv.   
This procedure requires standard laboratory equipment – a thermal cycler and a 
centrifuge.  The general flow of the protocol is summarized in Figure 1.  Recently, the 




Figure 1.  Generalized protocol for optimized direct-lysis differential protocol designed by Cotton lab.    
 
1.5.1 EA1 Protease 
 EA1 is a highly thermal-stable proteolytic enzyme that was discovered in the 
thermal vents of Mount Erebus and has an optimal activity temperature of 65 degrees 
Celsius (°C) with irreversible activity loss occurring around 95°C (55).  Along with other 
members of the thermolysin family of enzymes, EA1 preferentially cleaves at the N-
terminus side of hydrophobic or bulky amino acid side chains (56).  EA1 has been proven 
to share many characteristics with other members of the thermolysin family (55).   
 A benefit to utilizing a proteinase with a high optimal activity temperature is that 
DNA release occurs in conjunction with inactivation of contaminating nucleases, which 
are hydrolyzed by the proteinase before they can degrade the DNA (57).  EA1 is 
completely inactive after a 95°C incubation, therefore samples can move directly to 
downstream analysis without additional purification steps, increasing yield and 
decreasing the risk for contamination from additional sample manipulation (55,57).  A 
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recombinant version of EA1, named ForensicGEM, is manufactured by ZyGEM 
Corporation Limited (Hamilton, New Zealand).  ForensicGEM reaches optimal activity 
at 75°C and is also irreversibly denatured at 95°C (58). 
 While EA1 has been used to perform extraction on a variety of sample types (as 
ForensicGEM™), it has yet to be utilized as part of a differential extraction protocol.  It 
appears that complete lysis of e-cells with EA1 may not occur, especially when e-cells 
are clumped together (59).  This may result in failure to separate e-cell DNA from 
spermatozoic DNA, and in extreme cases, mixed profiles (59).  EA1 exhibits limited 
proteinase activity against P1 and P2 (Figure 2, labeled as “Therm”), especially compared 
to PK (60).  The limited activity of EA1 against spermatozoic DNA packaging proteins 
prevents premature digestion and release of spermatozoic DNA.  While release of sperm 
cell DNA requires an alternate extraction technique, e-cell digestion with EA1 allows for 
separation of e-cell DNA and spermatozoic DNA (57).   
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Figure 2.  PK and EA1 cleavage sites on P1 and P2 determined by ExPasy Peptide Cutter.  EA1 cleavage 
sites based on thermolysin cleavage sites.   
 
1.5.2 Benzonase Endonuclease 
In order to create a one-tube direct-lysis differential extraction protocol, e-cell 
DNA must be completely separated from spermatozoic DNA.  Therefore, a nuclease that 
can digest free DNA while leaving sperm cells intact is required in order to prevent 
utilizing a physical separation technique.     
Benzonase Nuclease (Sigma-Aldrich, St.  Louis, MO) is a non-specific 
endonuclease that hydrolyzes the internal phosphodiester bonds of single or double 
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stranded DNA, resulting in 5’-monophosphate oligonucleotides approximately 3-8 bases 
in length (61).  With an optimal activity temperature of 37°C, Benzonase can digest 
nucleic acid in the presence of inactive EA1 (61).  Benzonase itself has a large number 
of cut sites available to EA1 (Figure 3).  Therefore, active EA1 is able to completely 
digest Benzonase at a temperature of 75°C (60). 
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Figure 3.  Potential EA1 cleavage sites on Benzonase as determined by ExPasy Peptide Cutter, based on 






 Since traditional sperm lysis is insufficient with the use of EA1, an alternate 
extraction must be used.  ForensicGEM Sex Crime, manufactured by Zygem, is a kit 
for the direct-lysis of sperm cells.  AcroSolv, included in the ForensicGEM Sex Crime 
kit, is a proprietary mixture of mesophilic enzymes that weaken tissue cell walls (62).  
According to the ForensicGEM Sex Crime kit protocol, AcroSolv is introduced into the 
sample along with EA1.  At an optimal activity temperature of 52°C, sperm cells are 
lysed by AcroSolv.  The incubation temperature can then be raised to 75°C, allowing 
EA1 to digest the AcroSolv proteins.  Finally, the samples can be incubated at 95°C to 
inactivate the EA1 proteinase (62). 
 The resulting DNA sample will contain irreversibly inactivated proteases, 
requiring no additional purification steps before continuing to downstream analysis.  By 
eliminating additional purification steps, the risk of contamination is reduced while 
simultaneously increasing DNA yield.    
 
1.6 Aim 
 The multi-enzymatic TCDE developed in the Cotton lab has been shown to 
produce high recovery, single-source profiles from pristine liquid samples (53).  The aim 
of the experiments presented here is to develop method modifications which will produce 
similar results for dried and aged samples.   
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2.  MATERIALS AND METHODS 
 Benzonase nuclease dilutions were prepared in a reaction buffer (40 millimolar 
(mM) Tris HCl, 4 mM MgCl, 40 mM NaCl, pH 8.0).  Both a 1:100 and 1:200 dilution of 
the Benzonase reaction buffer were created.  The volume of Benzonase dilution was 
adjusted so each reaction contained 25 Units of Benzonase nuclease. 
 All quantification data was produced using Quantifiler® Duo Kits (Applied 
Biosystems, Foster City, CA) in a 7500 Real-Time PCR instrument (Applied Biosystems, 
Foster City, CA) according to the manufacturer’s specifications.  DNA concentrations 
were calculated using previously determined standard curve values (63).  The 
quantitation values were subsequently used to calculate total DNA mass from the e-cells 
and sperm cells used to make up the mixed sample.   
To calculate percent recovery and assess extraction efficiency, a liquid sample 
was extracted simultaneously in each experiment.  The total recovery of the liquid 
sample, as determined by quantitative polymerase chain reaction (qPCR), was set as 
100%.  Quantitation values from dried samples were divided by the values from the 
liquid samples and multiplied by 100%. While all quantitation values are approximate, 
this method of calculation serves as a conservative comparison of the extraction 
efficiency of the two methods. 
 Amplifications were performed using GlobalFiler PCR Amplification Kit 
(Applied Biosystems, Foster City, CA) in a Veriti Thermal Cycler (Applied 
Biosystems, Foster City, CA) using the manufacturer’s protocol.   
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Fragment separation was completed using an ABI 3130 Genetic Analyzer 
(Applied Biosystems, Foster City, CA) with a target of 0.75 nanograms (ng) of DNA.   
 Electropherograms (EPGs) were generated using GeneMapper ID-X version 1.4 
(Applied Biosystems, Foster City, CA).  For analysis, the stochastic threshold was set at 
250 RFU and the analytical threshold was set at 30 RFU.  Analyzed loci, including the 20 
core loci for CODIS (Combined DNA Index System) are shown in Table 3 in Appendix 
A (64).  
 
2.1 Sample Preparation 
 Fresh e-cells from a saliva sample were collected at the beginning of each 
experiment.  A female donor was used for the e-cells to help distinguish between DNA 
sources.  Approximately 4 milliliters (mL) of saliva was collected from an anonymous 
donor and washed 3 times with 1x phosphate-buffered saline (PBS: ThermoFisher, 
Waltham, MA).  The sample was centrifuged at 800 relative centrifugal force (rcf) and 
the supernatant was removed between each wash step.  After the final wash, the e-cells 
were resuspended in 200 microliters (µL) of TE buffer (10 mM Tris, 0.1 mM EDTA ).   
 20 µL aliquots of a neat semen sample were made from a sample purchased from 
BioIVT (Baltimore, MD), and stored at -20°C, reducing the number of freeze-thaw 
cycles.   
 A neat and a 1:10 dilution of e-cells were extracted with ForensicGEM and 
quantified in duplicate.  1:10 and 1:100 dilutions of the semen sample were extracted 
with AcroSolv and quantified in duplicate.  After quantification, the stock concentration 
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of both the e-cell and sperm cell samples were calculated.  The concentration was used to 
create ratios of the cells (e-cells : sperm cells) for mock samples.   
 A 1:50 dilution of the neat semen sample was used in the creation of dried and 
liquid samples.  Neat stock and a 1:10 dilution of e-cells were used in the varying 
experimental samples.  Samples containing exclusively diluted semen or e-cells are 
referred to as “sperm cell only” and “e-cell only” respectively.  Samples containing a 
mixture these cell types are given a ratio of 1:1, 5:1, or 20:1 e-cells : sperm cells (as 
sperm cells are the major contributor of DNA from the semen sample).  
 Sperm cell only and e-cell only samples each contain ~20 ng of DNA from the 
respective stock solutions.  A 1:1 mixture contains ~20 ng of both sperm cell and e-cell 
DNA.  A 5:1 mixture contains ~100 ng of e-cell DNA and ~20 ng of sperm cell DNA.  A 
20:1 mixture contains ~400 ng of e-cell DNA and ~20 ng of sperm cell DNA. 
 Dried samples were created by pipetting e-cells and semen separately onto a ¼” 
by ¼” cotton swatch in varying ratios. The swatches were dried completely in a 
biohazard hood.  After drying, the samples were placed in individual paper envelopes and 
stored at room temperature.  Liquid samples of varying e-cell : sperm cell ratios were 
pipetted into a 500 µL tube and brought to a total volume of 20 µL with TE buffer and 
stored at -20°C.   
 The number of samples (N) analyzed in each section can be located in Table 4 in 




2.2 Recovery Optimization 
 Previous research utilizing the Cotton lab’s TCDE has resulted in very high 
percent recovery from pristine liquid samples.  To adapt the procedure to dried samples, 
and further onto dried, aged samples required the optimization of multiple components of 
the procedure. 
 
2.2.1 Recovery of Single Cell-Type Samples 
Utilizing the calculated DNA concentration of the stock semen sample and stock 
e-cell sample, substrates containing ~20 ng of DNA from the semen or e-cell dilutions 
were created.  These samples were allowed to dry overnight.  Half of the samples were 
incubated in 447 µL water for 1 hour at room temperature while the others were given no 
incubation time prior to extraction with ForensicGEM or AcroSolv in order to 
determine if incubation had a positive effect on recovery. 
 The swabs and swatches containing e-cells were extracted with ForensicGEM 
and those containing sperm cells were extracted with AcroSolv.  All samples were 
quantified in duplicate with qPCR.  The total recovery was analyzed before proceeding to 
analysis of mixed samples utilizing the entire direct-lysis differential extraction 






2.2.2 Method Optimization 
2.2.2.1 Incubation Condition  
 Dried samples were created on swatches with a 1:1 ratio of e-cells : sperm cells 
and allowed to dry overnight.  Samples were then incubated for one hour in one of three 
conditions: 447 µL of water at room temperature, 447 µL of water and 50 µL of 10x blue 
buffer from ZyGEM Corporation Limited (Hamilton, New Zealand) at room temperature, 
or 447 µL of water and 50 µL 10x blue buffer in a thermomixer at 42°C.  The samples 
were then extracted using the TCDE procedure described by the Cotton lab and 
subsequently quantified in duplicate with qPCR.  The total recovery of autosomal DNA 
and male DNA was considered to determine the best method of incubation. 
 
2.2.2.2 Spin-Basket Procedure Placement 
   In an effort to determine the best procedural timing for using a spin-basket, 
samples incubated in one of the three aforementioned conditions were placed in the spin 
basket immediately following either the ForensicGEM extraction/incubation, 
effectively analyzing the sperm cells in the pellet or the AcroSolv extraction/incubation, 
effectively analyzing the sperm cells on the swatch.  The samples’ DNA concentrations 
were quantified using qPCR and the total recovery for both autosomal DNA and male 
DNA was analyzed to determine the best procedural timing of the spin-basket technique 




2.2.3 Swatch Re-Incubation 
 Male DNA recovered from the swatches in the incubation optimization 
experiments showed very low recovery.  It was hypothesized that a large portion of the 
sperm cells remained on the substrate, as this has been shown to be an issue in other 
research (22).  To determine the amount of male DNA remaining on the substrate after an 
initial extraction, each swatch was placed in a new tube and re-incubated in 78 µL of 
HO utilizing the same incubation temperature employed in the initial extraction (section 
2.2.2.2), either room temperature or at 42ºC.  Then, a master mix comprised of 10 µL of 
10x Orange buffer, a component of ForensicGEM™ Sex Crime Kit by ZyGEM 
Corporation Limited (Hamilton, New Zealand), 10 µL AcroSolv, and 2 µL 
ForensicGEM per sample were added to each sample.  Samples were incubated in the 
thermocycler for 5 minutes at 52°C, 3 minutes at 75°C, 3 minutes at 95°C, and 5 minutes 
at 4°C.  The swatches remained in the tube throughout the secondary extraction and no 
additional spin-basket step was utilized.  However, the procedural timing of the spin-
basket used in the initial extraction procedure was recorded.  The samples were 
quantified using qPCR and the amount of remaining male DNA was analyzed.   
 
2.3 Cell Location Experiments 
 After analyzing the results of the incubation experiments, it was determined that 
the protocol needed to be modified for greater DNA recovery.  In order to optimize the 
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procedure, the location (i.e. supernatant, swatch, or pellet) of both the sperm cells and e-
cells needed to be determined.   
 
2.3.1 Sperm Cell Location 
 In order to locate the sperm cells, a meticulous procedure was outlined to 
accurately determine the amount of male DNA present in each location.  Dried samples 
containing sperm cells only were created and allowed to dry overnight as previously 
described.  These substrates were incubated for 1 hour in 447 µL of HO at room 
temperature.  3 µL of ForensicGEM and 50 µL of 10x Blue buffer were added to each 
sample for extraction.  The samples were then incubated at 75°C for 15 minutes and 4°C 
for 5 minutes.  Three fractions were separated before further extraction as follows: 
immediately following incubation at 75˚C and cooling to 4˚C, the substrate was removed 
using clean forceps and placed in a clean tube and labeled as the “swatch fraction”.  It is 
estimated that the swatch retained approximately 30 µL of solution.  The leftover solution 
in the original tube was centrifuged at max speed for 5 minutes in order to pellet the 
sperm cells.  Approximately 450 µL of supernatant was removed and placed in a clean 
tube and labeled as the “e-cell fraction” in accordance with common lab terminology, 
despite the lack of female e-cells in this experiment.  The ~20 µL remaining in the 
original tube was labeled as the “pellet fraction”.   
 To determine if any sperm cells were present in the e-cell fraction, 20 µL of the e-
cell fraction were transferred into another tube and labeled as “e-cell fraction with 
AcroSolv”.  The e-cell fraction with AcroSolv and the pellet fraction were brought to a 
24 
final volume of 50 µL by adding 17.5 µL of HO, 5 µL of 10x Orange buffer, 5 µL of 
AcroSolv, and 2 µL of ForensicGEM.  The swatch fraction was brought to a final 
volume of 100 µL by adding 48 µL of HO, 10 µL of 10x Orange buffer, 10 µL 
AcroSolv, and 2 µL of ForensicGEM.  These three fractions were then incubated at 
52°C for 5 minutes, 75°C for 3 minutes, 95°C for 3 minutes, and 4°C for 5 minutes.  All 
fractions were quantified with qPCR to determine the location of sperm cells. 
 The remaining portion of the e-cell fraction was quantified to determine if the 
semen sample contributed any non-sperm DNA.  All resulting values were < .006 ng/µL 
and were not taken through amplification and profile generation.  
 
2.3.2 E-cell Location 
 Similar to the previous experiment, the location of e-cells needed to be identified.  
E-cell only samples were created and allowed to dry overnight.  They were then 
incubated in 447 µL of water at room temperature for 1 hour.  3 µL of ForensicGEM 
and 50 µL of 10x Blue buffer were added to each tube before the samples were incubated 
at 75°C for 15 minutes and 4°C for 5 minutes.  “Swatch”, “e-cell”, and “pellet” fractions 
were then separated as described in the previous section. 
The e-cell fraction and the pellet fraction were set aside for qPCR.  The swatch 
fraction was treated with 48 µL of HO, 10 µL of 10x Orange buffer, 10 µL AcroSolv, 
and 2 µL of ForensicGEM before being incubated at 52°C for 5 minutes, 75°C for 3 
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minutes, 95°C for 3 minutes, and 4°C for 5 minutes.  All three fractions were quantified 
using qPCR to determine the location of e-cells in each fraction. 
 
2.4 Extraction of Dried Mixtures 
 After determining the DNA concentration of each fraction for both cell types, 
mixed samples were prepared and extracted using the complete differential extraction 
procedure described in Figure 4.  The spin-basket step was permanently removed from 
the procedure, resulting in 3 separate fractions (e-cell, pellet, and swatch).  During this 
time, other research in the Cotton lab demonstrated that the amplification of samples 
containing Orange buffer could be improved by reducing the concentration of Orange 
buffer from 1x to 0.2x (54).  
Figure 4.  Current procedure for direct-lysis differential extraction of dried samples. 
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Mixed samples with e-cell to sperm cell ratios of 1:1, 5:1, and 20:1 were created 
on swatches, along with sperm only and e-cell only controls.  The samples dried for ~2 
hours before being processed with the direct-lysis differential extraction.  The autosomal 
and male DNA present in the resulting fractions were quantified using qPCR and 
analyzed for total recovery.  Profiles were generated for many of these fractions to 
identify potential degradation or incomplete separation of the cell-types.   
 
2.5 Aged Sample Analysis 
 Dried and liquid samples with the ratio of 1:1, 5:1, and 20:1, along with sperm 
cell only and e-cell only controls, were created.  The liquid samples were brought to a 
final volume of 20 µL with TE buffer and stored at -20°C.  Dried “week 0” samples were 
allowed to dry for ~5 hours before they were processed.  All other dried samples were 
allowed to dry overnight before being placed in labeled paper envelopes and stored at 
room temperature for 1 - 20 weeks.   
 Each week, dried samples (1:1, 5:1, 20:1, e-cell only, and sperm cell only) and 
frozen liquid samples (1:1, 5:1, 20:1, e-cell only, and sperm cell only) were extracted 
using the full direct-lysis differential extraction outlined in Figure 4.  The e-cell fraction, 
pellet fraction, and sperm fraction from each sample were quantified with qPCR to 
identify the amount of male and female DNA recovered.  Data was collected for samples 
aged 0-4 weeks, as well as samples aged 19-20 weeks.   Profiles were generated from a 
representative selection of fractions to assess degradation and carry-over.   
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2.6 Mock Casework Sample Extraction 
 All samples analyzed up to this point were carefully created with a known amount 
of DNA.  However, when evidence samples are received by crime laboratories, the 
concentration of cells present on the sample is unknown.  For sexual assault cases, 
vaginal swabs from the victim are often analyzed as part of a sexual assault evidence 
collection kit.  In order to test the new TCDE on “real world samples”, two post-coital 
vaginal swabs were collected from an anonymous donor.  Half of each swab was taken 
for extraction with the current procedure and quantified with qPCR.  Profiles were 
generated for each fraction from the swab containing the highest amount of male DNA. 
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3.  RESULTS AND DISCUSSION 
3.1 DNA Recovery Optimization 
 For many samples in forensic laboratories, overall analysis and information are 
improved by high recovery of DNA.  DNA recovery is defined as a percentage of useable 
DNA extracted from a sample of the total DNA present in the sample.  In scenarios with 
a low starting cell count, entire profiles may be lost if DNA recovery is low.  The first set 
of experiments were conducted to assess and increase the total DNA recovery and 
thereby improve down-stream analysis.   
 
3.1.1 Single Cell-Type Samples 
 Regardless of incubation conditions or substrate types, the recovery of autosomal 
DNA from e-cell only samples was approximately 100% when directly extracted with 
ForensicGEM.  The recovery of male DNA from sperm cell only samples varied 













Figure 5.  Percent recovery of sperm only samples from swabs or swatches, with or without an incubation 
period of 1 hour in water at room temperature.   
  
While the minimum percent recovery from dried sperm cell samples was greater 
than 80% without incubation, the addition of an hour-long incubation period increased 
the percent recovery of DNA from both swabs and swatches to approximately 100%.  
From this data, it was determined that an incubation step should be included in the dried 
































3.1.2 Spin-Basket Procedural Timing Coupled with Incubation Condition 
 After the inclusion of an incubation step prior to ForensicGEM extraction of 
single-source samples, an experiment was conducted to determine the method of 
incubation that allowed for the greatest percent recovery of a 1:1 mixture of e-cells : 
sperm cells.   
 Duplicates of each sample and incubation type were extracted.  Half of the 
samples were treated with the spin-basket immediately following ForensicGEM 
extraction and incubation.  As a result, the subsequent extraction steps effectively treat 
the sperm pellet.  The remaining samples were treated with the spin-basket following 
AcroSolv extraction and incubation, therefore extracting the sperm DNA directly from 






Figure 6.  Percent recovery of DNA from samples treated with different incubation conditions and varied 
placement of the spin-basket procedure.   
  
The percent recovery for female DNA was highest, at approximately 100% 
recovery when incubated with water only for 1 hour at room temperature coupled with 
the spin-basket being used following ForensicGEM extraction.  The recovery of male 
DNA was low regardless of the incubation method or procedural timing of the spin-
basket.  Therefore, the decision was made to incubate samples in water only for 1 hour at 
room temperature to maximize recovery of female DNA and modify the downstream 
protocol to increase male DNA yield.    
 The low yield of male DNA from sperm cells was concerning, as this is typically 
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differential extraction protocol, the total recovery of DNA from the sperm fraction ranged 
from 0.4% to 28.4%.  As this differential extraction technique is a one-tube reaction, the 
remaining 71.6% - 99.6% of the sperm fraction DNA is being discarded in the course of 
the protocol.  It was hypothesized that the majority of this unrecovered sperm fraction 
DNA was residing on the swatch.  Therefore, the swatches used in this experiment were 
re-incubated and extracted. 
 
3.1.3 Swatch Re-Incubation 
 Swatches, which had been saved from the previous experiment were re-incubated 
using the same incubation temperature as the initial extraction and then extracted with 
AcroSolv.  qPCR confirmed that all DNA in these samples was from a male donor.   
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The amount of male DNA recovered in the sperm fraction from the previous 
experiment and from subsequently extracted swatches was greatest when the spin-basket 
was used after ForensicGEM™ extraction.  However, in subsequent experiments the 
decision was made to eliminate the use of a spin-basket in an effort to maximize the 
recoverable male DNA.  This decision was made after only 65% of the male DNA was 
recovered following two incubations and extractions while using a spin basket.  This 
experiment emphasized the need for a change to the traditional differential extraction 
procedure to maximize the DNA extracted by not discarding it along with the swatch.  It 
is hypothesized that the remaining ~35% of DNA from sperm cells was retained by the 
substrate.  However, it is possible that the manipulations of moving the substrate to a spin 
basket in a 1.5 mL tube, collecting the flow through from that tube, and depositing that 
flow through into the original tube could all contribute to a decrease in recovered DNA.  
Portions of the male DNA could be lost in the 1.5 mL tube, pipette tips, or by incomplete 
elution from the substrate.  
 
3.2 Cell Location 
 Before modifying the procedure, the physical location of both e-cells and sperm 
cells needed to be pinpointed.  Samples were processed as outlined in section 2.3.1. 
Analysis of the e-cell fraction, pellet fraction, and swatch fraction for the presence of 
spermatozoic DNA revealed that a majority of sperm cells were retained by the swatch as 
depicted in Figure 8.  Commonly, the swatch is discarded after the extraction procedure.   
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Figure 8.  Percent of DNA recovered from each cell type by fraction after extraction with the full TCDE 
protocol. 
 
 This data demonstrates that using ForensicGEM™ lysis with the traditional 
differential method procedure of collecting the flow-through and sperm pellet after using 
a spin-basket and subsequently discarding the substrate loses a majority of the potential 
DNA.  In cases where the availability of starting DNA is low, DNA cannot afford to be 
discarded.  Therefore, the protocol was amended to improve DNA recovery by retaining 
the swatch and extracting DNA from the swatch as a third fraction.   
 As expected, the largest portion (~58%) of the female DNA recovered was 
located in the e-cell fraction.  Approximately 42% of the recovered female DNA was 
located in the pellet and swatch fraction.  Treatment with Benzonase® nuclease would 
ultimately degrade the e-cell DNA in these fractions.  As the e-cell contributor is 




























Therefore, a high percent recovery is not as crucial for the e-cell fraction as it is for the 
sperm fraction, which may contain significantly fewer cells. 
 
3.3 Dried Sample Analysis 
3.3.1 Efficiency of Fraction Separation 
While it has been established that the TCDE can efficiently separate sperm and e-
cell fractions for liquid samples, the efficiency of fraction separation from dried samples 
has yet to be determined.  Profiles resulting from dried, extracted samples were generated 
and analyzed for carry-over DNA in each fraction.  The swatch and pellet fractions were 
analyzed for carry-over DNA from the female contributor, as shown in Figures 9 and 10.  
The e-cell fraction was also analyzed for the presence of male contributor carry-over 
DNA, as shown in Figure 11.  Note that only loci where carry-over was observed are 




Figure 9.  Average peak height, measured in relative fluorescence units (RFUs), of male loci from profiles 
generated from the swatch fraction from 10 dried samples compared to the average peak height of female 
carry-over alleles detected at the respective locus.  No carry-over was observed at the D3, D5, or D12 





Figure 10.  Average peak height, measured in relative fluorescence units (RFUs), of male loci from 
profiles generated from the pellet fraction from 3 dried samples compared to the average peak height of 
female carry-over alleles detected at the respective locus.  No carry-over was observed at the D3, TPOX, 







Figure 11.  Average peak height, measured in relative fluorescence units (RFUs), of female loci in the e-
cell fraction from profiles of 7 dried samples compared to the average peak height of male carry-over 
alleles detected at the respective locus. No male carry-over was observed at the remaining 13 loci.  
 
 Many carry-over alleles were detected, but at very low signals.  In all instances of 
carry-over, the correct major contributor was determined, and a full profile was obtained.  
The average of the peak height of female-carry over present in swatch fraction profiles 
was approximately 10% of the true, male allele and approximately 15% in the pellet 
fractions.  In the profiles generated from the e-cell fraction, the average male carry-over 
peak height was approximately 4.5% of the true, female alleles at any given locus.  An 
increased peak height of female-carry over in the male fraction profile was observed.  
Because the data includes varying ratios of e-cells to sperm cells (i.e.  5:1 and 20:1).  It 
could therefore be reasonably expected that samples created with an increased ratio of 
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height in the female fraction profile is more robust than the female carry-over peak height 
in the male fraction.   
 
3.3.2 Effect of Increased E-cells on Efficiency of Fraction Separation  
 Sexual assault samples received in a crime laboratory contain an unknown 
amount of each cell type and can also contain significantly varied ratios of each cell type 
per collected sample.  Often, the number of e-cells is significantly greater than sperm 
cells, as some swabs are collected directly from the victim’s body.  In order to determine 
the “real-world” efficiency of this extraction, it was important to analyze the effect that 
increasing the e-cell to sperm cell ratio had on carry-over.  The results of these 





Figure 12.  Comparison of female carry-over alleles in swatch fractions from week 0 samples of varying 
cell ratios.   
 
Both the frequency and peak-height of female carry-over alleles increased in male 
fraction profiles as the ratio of e-cells to sperm cells in the original sample increased.  It 
is important, however, to determine whether or not these higher RFU female carry-over 
peaks can be separated from the true male alleles.    
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Figure 13.  Peak height comparison for true heterozygous alleles and carry-over alleles in the swatch 
fractions.  This data encompasses results from the swatch fraction of 1:1, 5:1, and 20:1 e-cell : sperm cell 
samples from weeks 0, 2, 4, and 20 (12 profiles total).  
 
As shown in Figure 13, even at a 20:1 ratio of e-cells to sperm cells, the peak 
height of carry-over alleles and true alleles did not overlap at any point.  True alleles 
could easily be distinguished because of the complete separation of peak heights from the 
carry-over alleles, allowing for a major contributor to be determined at all loci.  Figure 14 




Figure 14.  Example of swatch fraction profile containing female DNA carry-over alleles at locus D8 in 
increasing ratios of e-cells to sperm cells.  Panel a) 1:1 swatch fraction, b) 5:1 swatch fraction, and c) 20:1 
swatch fraction.  The starting amount of sperm DNA used for the 1:1, 5:1, and 20:1 ratios was constant at 








3.4 Aged Sample Analysis  
 Throughout the dried sample analysis, it was determined that the procedure could 
efficiently separate e-cells from sperm cells and generate full profiles for each 
contributor.  Dried samples are often received by crime laboratories, and the length of 
time in storage before examination is highly variable.  With this in mind, the TCDE 
protocol for dried sample analysis was applied to aged samples to determine if there was 
a decline in DNA recovery or fraction separation efficiency over time.  The degradation 
of DNA quality, as measured by profile peak heights, was also examined.   
 
3.4.1 Recovery of Aged Samples 
 Dried samples were extracted each week and the DNA concentration of the 
fractions were quantified by qPCR.  The total female DNA recovered was calculated 
from the e-cell fraction and the total male DNA recovered was calculated from the sum 




Table 1.  Calculated percent recovery of female DNA from the e-cell fraction and male 
DNA from sperm cells for weeks 1 through 20.  The total mass in ng recovered from 
week 0 was set as 100% and used to calculate recovery from all other weeks.   
Age of Sample Female DNA Recovery Male DNA Recovery 
1 Week 85.27% 85.28% 
2 Weeks 69.55% 79.59% 
3 Weeks 63.71% 98.72% 
4 Weeks 93.13% 85.38% 
19 Weeks 41.75% ~100.00% 
20 Weeks 50.16% 89.14% 
 
DNA recovered from e-cells tended to decrease over time.  Female DNA recovery 
from samples aged 19 and 20 weeks was approximately 50%.  However, due to a flood in 
the building and subsequent heating to dry the affected areas, these samples were stored 
at over 32°C for approximately 3 weeks which is much higher than the typical 24°C.  
Despite being stored at these temperatures, DNA recovery from sperm was still ~90% 
after aging for 20 weeks.  While the extreme storage conditions were not ideal, it was 
useful in providing data that shows full profiles from the e-cell contributor and sperm 
contributor could be produced, even after storage in adverse conditions.    
 The total DNA recovered from the sperm cells was calculated from the swatch 
and pellet fractions.  Therefore, the percent contributed from each fraction was analyzed, 
and is shown in Figure 15.  As previously discussed, it is a common practice in crime 
laboratories to collect the liquid from substrates with a spin-basket before then discarding 
the substrate.  A spin-basket was not used in this procedure, which may contribute to 
slightly higher levels of DNA found in the swatch fraction than substrates than in typical 
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substrates treated with a spin-basket.  Despite this, the amount of DNA remaining in the 
swatch fraction was staggering. 
 
 
Figure 15.  Recovery of male DNA separated by swatch and pellet fractions from samples aged 0-20 
weeks.   
 
Only 5.52% of the total male DNA recovered was found in the pellet fraction.  
This demonstrates that more probative information can be gained from samples by 
breaking away from the traditional methods of differential extraction and performing 






































The majority of DNA was present in the swatch fraction; therefore, swatch 
fractions were chosen for profile generation.  The low amount of DNA in the pellet 
fractions would require additional concentration steps prior to amplification.   
 
3.4.2 Efficiency of Fraction Separation for Aged Samples 
 Aged samples were analyzed to determine if aging had an effect on separation 
efficiency.  The instances of female allele carry-over in swatch fraction profiles doubled 
between samples that weren’t aged (week 0) and samples aged 2 weeks.  After 2 weeks, 
the number of total carry-over alleles was unchanged.  The results are shown below in 
Figure 16. 
 
Figure 16.  Comparison of the total number of carry-over alleles in the swatch fraction of samples aged 
various amounts of time.  The ratio of e-cells to sperm cells is noted so the distribution of carry-over alleles 
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The signal of female carry-over alleles in the swatch fraction was compared to the 
signal of the true alleles at the respective loci to determine if the carry-over peaks were 
separated as efficiently when aged compared to those in fresh samples.   
 
 
Figure 17.  Signal comparison of carry-over alleles and true alleles in the swatch fraction of aged samples.  
This data shows only 20:1 e-cell : sperm cell ratios as these samples contained the greatest incidence of 
carry-over.  This figure includes the data from 20:1 e-cell : sperm cell samples from weeks 0, 2, 4, and 20 
(4 profiles total).   
  
There is complete separation between true allele and carry-over peak height for 
any length of storage time, as shown in Figure 17 above.  This demonstrates the 
efficiency of this protocol for separating e-cell and sperm cell DNA in dried, aged 
samples.  This figure demonstrates the complete separation of the true alleles and carry-
over but doesn’t accurately represent the ability to call a major contributor throughout the 
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profile.  Using the profile from the 20:1 swatch that had aged 20 weeks, the peak height 
ratio between true alleles averaged 0.86.  The peak height ratio of carry-over alleles to the 
true allele at that locus averaged only 0.11.  Distinguishing a major and minor contributor 
in the profiles exhibiting carry-over peaks was possible at all loci. 
 
3.4.3 Degradation of Aged Samples 
 Degradation is often observable on EPGs by the presence of a “ski-slope” trend.  
The “ski-slope” is characterized by a decrease in peak height as amplicon length 
increases.  The highest molecular weight loci, present at the right side of dye panels, are 
affected the most.  Profiles were generated for aged samples and examined for the 
presence of this trend.  Some degradation was detected in dried, aged samples, but it was 
not severe.  Severe degradation can occasionally result in unamplified alleles and a 
decreased power of discrimination.  Figure 18 depicts a sample unaffected by 




Figure 18.  Red dye panel from 5:1 e-cell fraction from a) week 0 and b) week 20.   
 
The peak height of alleles decreases from left to right of the week 20 sample. To 
compare the degradation of DNA over time, the ratio of the peak height of the last locus 
in each dye channel to the first locus in the same channel was calculated.  The y-indel and 
DYS loci were excluded, as these are located on the Y chromosome and only have half 
the number of copies.  Figure 19 shows that while some degradation was present in DNA 
from sperm cells, namely in week 20 samples, the degradation is minimal.  DNA from 
the e-cells, however, exhibit a much greater degree of degradation, especially for samples 
aged 20 weeks, which includes the samples stored at high temperatures.  E-cell fraction 






Figure 19.  Ratio calculated from the peak height of the longest amplicon to the peak height of the shortest 




Figure 20.  Ratio calculated from the peak height of the longest amplicon to the peak height of the shortest 
amplicon in each dye channel for the E-cell fraction to represent DNA degradation over time.   
 
 While minor degradation was detected in aged samples, the peak heights 
remained above the stochastic threshold.  These experiments demonstrate that the TCDE 
protocol for dried sample analysis can be used to produce quality profiles from aged 






3.5 Mock Sexual Assault Sample Analysis 
 A post-coital vaginal swab was extracted, and the profile was analyzed to 
determine if this procedure could be applied to “real-world” samples.  Figure 21 shows 
the blue channel alleles from the e-cell, swatch, and pellet fractions.   
 
Figure 21.  Blue dye panel for the a) e-cell fraction, b) swatch fraction, and c) pellet fraction obtained from 







 A full female profile was generated from the e-cell fraction, and only exhibited 
male carry-over at the Y-indel locus.  Using the qPCR value for Y as a representation of 
male DNA and subtracting from the total DNA to estimate the ratio of female : male 
DNA, the swatch fraction produced a mixed profile of approximately a 2 : 3 ratio. This 
mixed ratio is obvious in the panel of the swatch fraction in Figure 21 and would not 
provide much information during analysis.  The pellet fraction produced a mixed profile 
with a readily identifiable major contributor.  The results of the three fractions 
demonstrate the importance of analyzing all fractions, as each can contain valuable, 
probative information.   
It may not be necessary to generate and analyze all three profiles in each case.  If 
low quantitation values are identified, it may be beneficial to look at all fractions.  
However, if the quantitation values are high enough, analysis of the e-cell fraction and 
pellet fraction may give two distinct profiles.  In instances where the quantitation values 
indicate that it is not necessary to take the swatch fraction through amplification, the 









4.  CONCLUSIONS 
 The TCDE protocol for dried sample analysis has been proven to efficiently 
separate epithelial cells and sperm cells from pristine, liquid samples.  The data presented 
in this thesis establishes that the protocol can also be applied to dried, aged samples with 
a few key modifications.  Namely, the alteration to the protocol by directly extracting 
from a substrate as a third fraction for analysis resulted in a higher DNA yield and 
generated more probative profiles.  Profiles resulting from the extracted e-cell or swatch 
fractions consisted of either single-source profiles, or a mixture containing an easily 
distinguishable major contributor.  Analysis of a representative “real-world” sample 
demonstrated that the data from the e-cell fraction and pellet fraction could be used to 
obtain full profiles for both contributors in sexual assault cases.   
 While there is a need for further optimization, this protocol holds great promise 
for analyzing sexual assault evidence in crime laboratories by simultaneously improving 
the efficiency of differential extraction and sample processing time.  The protocol takes 
an average of 4 hours to perform, including a one-hour incubation.  PCR-ready samples 
from the e-cell and swatch fractions were produced.  The samples required no additional 
clean-up or concentration steps, thereby reducing the risk of sample loss and 
contamination.     
 After optimization, the implementation of this procedure in crime laboratories 
could revolutionize sexual assault analysis and lead to the generation of more probative 
data in less time.   
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5.  FUTURE DIRECTIONS 
5.1 Further Method Optimization 
 A few aspects of the procedure still require optimization.  Currently, the sperm 
and pellet fractions require varying concentrations of the Benzonase: ForensicGEM 
cocktail.  Additionally, the AcroSolv master mix for the swatch and pellet fractions varies 
by fraction.  Standardizing the master mixes for both fractions would result in simpler 
reagent preparation. 
 While this research yielded high quality profiles from the e-cell and swatch 
fractions, the pellet fraction was often too dilute to go directly to amplification.  Viable 
methods of concentrating the pellet fraction DNA should be investigated, along with 
methods of reducing the total volume of the pellet fraction extraction.  It was also 
discovered that GlobalFiler was inhibited by high concentrations of Orange buffer.  
Some research has already focused on this phenomenon, but there is still room for 
improvement.   
 Complete analysis of all three samples may not be necessary for all items of 
evidence.  The information gained from each fraction should be considered with the 
corresponding quantitation values to determine if there is a screening method that could 
identify the fractions containing the most probative information.  The combining of the 
swatch fraction and pellet fraction prior to the addition of Benzonase® and AcroSolv may 
increase the quality of information given while decreasing the number of samples for 
amplification and fragment separation.  This combination may result in a dilute sample, 
however, and would require further research.  
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5.2 Sample Analysis with Various Substrates 
 Cotton swatches were the substrate utilized in most of the experiments presented, 
along with a few cotton swabs.  This protocol should be applied to many different 
substrates, especially those known to cause PCR inhibition, such as denim, or other 
fabrics and textures to determine the effect of substrate types on the results.   
 As demonstrated by the extraction of the post-coital vaginal swab, different 
substrates appear to retain cells and DNA at varying rates, affecting the total separation 
efficiency and resultant profiles.  While this highlights the importance of analyzing all 
three fractions, it is important to understand how sperm cells and e-cells interact with 
many other substrates.   
































Table 3. Loci utilized in profile analysis. Loci included in the twenty CODIS core are 









































Table 4. The number of samples (N) utilized in the experimentation defined in section 2, 
Methods and Materials. 
 
Section Target mass of DNA 
during sample 
preparation 
















20 ng e-cell DNA + 20 
ng sperm cell DNA 
(1:1) 
6 swatches  
Duplicate 
2.2.3 DNA remaining after 
extraction in 2.2.2 
6 swatches Duplicate 
2.3.1 20 ng sperm cell DNA 6 swatches Single 
















20 ng e-cell DNA + 20 
ng sperm cell DNA 
(1:1) 
7 liquid samples 
7 swatches 
100 ng e-cell DNA + 
20 ng sperm cell DNA 
(5:1) 
7 liquid samples 
7 swatches 
400 ng e-cell DNA + 
20 ng sperm cell DNA 
(20:1) 
7 liquid samples 
7 swatches 
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